Abstract. Although most nuclear 22GHz (λ = 1.35 cm) H2 O masers are in Seyfert 2 and LINER galaxies, only a small fraction of such galaxies host water masers. We systematically study the optical properties of the galaxies with and without nuclear H2 O maser emission to better understand the relationship between H2 O maser emission and properties of the central supermassive black hole and improve the detection rates in future surveys. To this end, we cross-matched the galaxies from H2 O maser surveys, both detections and non-detections, with the Sloan Digital Sky Survey (SDSS) low-redshift galaxy sample. We find that maser detection rates are higher at higher optical luminosity (MB ), larger velocity dispersion (σ), and higher [O III] λ5007 luminosity, with [O III] λ5007 being the dominant factor, and that the isotropic maser luminosity is correlated with these variables. These correlations are natural if maser emission depends on the host SMBH mass and AGN activity. We also find that the detection rate is higher for galaxies with higher extinction. These results indicate that, by pre-selecting galaxies with high extinction-corrected [O III] λ5007 flux, future maser surveys can increase detections efficiencies by a factor of ∼3 to ∼5.
Introduction
Water maser emission at 22 GHz (λ = 1.35 cm) has been mainly associated with active galactic nuclei (AGNs) and is currently the only resolvable tracer of warm, dense molecular gas in the inner parsec of AGNs. These masers are found in a variety of regions, such as jets/winds and nearly edge-on, rotating accretion disks. The latter, "disk masers", have been used to measure many properties of the central engine, including accurate SMBH masses (e.g. Kuo et al. 2011) , accretion disk geometry (e.g. Greenhill et al. 2003) , and geometric distances to host galaxies (e.g. Humphreys et al. 2008 , Braatz et al. 2010 . Unfortunately, these extragalactic nuclear H 2 O masers are extremely rare. Discovering what sets maser host galaxies apart from other AGNs would lead not only to a better understanding of the connections between H 2 O maser emissions and the properties of the AGN but also make surveys more efficient.
Earlier studies have found that most H 2 O masers are found in Seyfert 2's and LINERS (instead of Seyfert 1's) (e.g. Braatz et al. 1997 , Kondratko et al. 2006b ) and that maser emission is more likely in systems with high X-ray obscuring columns (e.g. Madejski et al. 2006 , Zhang et al. 2006 , Greenhill et al. 2003 , Zhang et al. 2010 . Correlations have also been reported between H 2 O maser isotropic luminosity and 2-10 keV X-ray Host Galaxies of H 2 O Masers 317 luminosity (Kondratko et al. 2006a ) and far IR luminosity (Henkel et al. 2005) . However, there are currently no large samples of AGNs with measured 2-10 keV X-ray luminosities, and a high far IR luminosity does not guarantee that the galaxy will also be an AGN. Although most H 2 O masers are in Seyfert 2's and LINERs, most Seyfert 2's and LINERs do not have maser emission. Since maser surveys may start with a sample of Seyfert 2's and LINERs, they are already targeting galaxies with optical spectra. In addition, there exist large optical surveys, such as the Sloan Digital Sky Survey (SDSS), 2dF Galaxy Redshift Survey (2dFGRS) and 6dF Galaxy Survey (6dFGS). Consequently, if masers can be shown to be in galaxies with certain optical properties, large maser surveys can select targets based on these properties. We systematically studied the optical properties of the maser hosts and known non-detections by cross-matching the SDSS low-redshift galaxy catalog with all galaxies surveyed for maser emission. The results are presented in later sections and further details can be found in Zhu et al. 2011. 
Galaxy Samples and Optical Property Selection
For a full sample of maser detections and non-detections, we combine the catalogs (as of 1 Dec. 2010) on the Megamaser Cosmology Project (MCP †) and Hubble Constant Maser Experiment (HoME ‡) web sites. In order to restrict ourselves to masers associated with AGNs, we exclude the galaxies associated with star formation regions, as noted in the MCP or HoME catalogs. We also construct a master list of non-detections listed by MCP and HoME and remove duplicates. This resulted in a total of 123 known masers, of which ∼40 are noted as disk masers on the HoME web site based on very long baseline interferometry (VLBI) maps or single-dish spectra, and 3806 non-detections, for an overall detection rate of ∼3%.
The SDSS Data Release 7 (DR7; Abazajian et al. 2009 ) catalog provides a complete sample of galaxies with uniform imaging and spectroscopy to systematically study optical properties related to maser emission. Since the masers are mostly nearby and the SDSS photometry and spectroscopy samples are most complete at low redshifts, we limit ourselves to galaxies with z < 0.05 (excluding only 4 maser galaxies). For photometry, we use the low-z catalog from the NYU Value Added Galaxy Catalog (NYU-VAGC; Blanton et al. 2005) and for spectroscopic parameters, we use the measurements of the MPA-JHU group ¶ (e.g. Tremonti et al. 2004) . We cross-match this SDSS low-z sample with maser detections and non-detections. We find 48 detections (15 disk masers) and 1588 non-detections which have SDSS photometry, of which 33 detections (10 disk masers) and 1030 non-detections have well measured spectral properties. The detection rates in both the photometric and spectroscopic samples are ∼3%. This is similar to the total sample, and therefore, the cross-matching should not cause a bias for the analysis of optical properties of maser host galaxies.
SDSS provides a plethora of photometric and spectroscopic measurements. We choose to study the following properties based on the assumption that maser emission should be related to properties of the central SMBH:
, a well-known bolometric luminosity indicator (Heckman et al. 2005) , and velocity dispersion (σ, in km s −1 ), correlated with SMBH mass (Ferrarese et al. 2000 
Results
We find that maser detection rates depend on the optical properties of host galaxies. The strongest effect is that detection rates are higher for higher [O III] λ5007 luminosity. Detection rates are also higher for galaxies with higher Hα/Hβ, and consequently, the extinction-corrected [O III] λ5007 luminosity, L [OIII] λ5007,cor , distribution for maser host galaxies and non-detections are even more discrepant than for observed [O III] λ5007 luminosity, L [OIII] λ5007,obs . Figure 1 shows the distributions of L [OIII] λ5007,obs , L [OIII] λ5007,cor , and Hα/Hβ for maser hosts and non-detections as well as the detection rates with respect to these variables. As shown in Figure 2 , maser detection rates are also higher for higher B band magnitude, M B , and velocity dispersion, σ. We denote the disk masers with green diamonds but, due to the smallness of the sample, we do not draw conclusions just based on the disk masers. Although weaker than the dependence on L [OIII] λ5007 , the dependence of detection rates on M B and σ persist even for galaxies with high L [OIII]λ5007 (Zhu et al. 2011) .
We test whether the dependence of detection rate on L [OIII]λ5007 , σ, and M B is a consequence of an underlying correlation between these properties and maser luminosity. We collected 66 isotropic maser luminosities from literature (see table in Zhu et al. 2011) . The left panel in Figure 4 shows the isotropic H 2 O maser luminosity against redshift. The plot shows a flux-limited effect, with a maximum sensitivity of ∼0.1 Jy km s −1 , similar to the sensitivities of surveys with the Green Bank Telescope (GBT) (e.g. Braatz et al. 2004) . This is consistent with earlier findings that detection rates are higher for galaxies with smaller recession velocities (e.g. Braatz et al. 1997) . We compare the isotropic luminosity with our optical properties of interest. We note that isotropic luminosity is not ideal for several reasons, e.g. maser emission is beamed and variable and that isotropic luminosities are from different observations with different sensitivities. In addition, we have supplemented our SDSS sample with measurements from literature to increase the sample size. All these effects will add scatter. Despite these shortcomings, Figure 2 . B band magnitude (left) and velocity dispersion, σ (right). Top panels show the color-magnitude diagrams with the full low-z photometric sample in grayscale, with contours representing 40%, 80%, and 90% of the sample. Middle panels show the distributions of these variables, and the bottom panels show the detection rate as a function of these variables.
we find that isotropic maser luminosity is correlated with L [OIII]λ5007,cor , L [OIII] λ5007,obs , σ, and M B , albeit with large scatter, as shown in Figure 3 . Larger samples are needed to further test these correlations and whether the correlations depend on maser environment (e.g. jets vs. disks). 
Discussion and Recommendations for Future Surveys
The correlations we see between isotropic maser luminosity with L [OIII] Zhu et al. 2011 for rationale) . Using the intercepts from the fits, we translate the survey maser isotropic luminosity flux limit to corrected and observed [O III] λ5007 luminosity limits which are plotted against redshift in the right panel of Figure 4 . If surveys are limited to the galaxies with high L [OIII] λ5007 , the detection rates could be improved by a factor of ∼ 3 (for L [OIII] λ5007,obs ) to ∼5 (for L [OIII] λ5007,cor ). Even if surveys do not cut on L [OIII] λ5007 , the galaxies should be ranked by L [OIII] λ5007 so that discoveries are frontloaded. If L [OIII] λ5007 is unavailable, surveys should rank galaxies by velocity dispersion or by optical luminosity. 
